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Heat trea^d 



® A Method for heat treating a coated substrate is described -wherein, the outer coati^^ the substrate is 
comprised of a chemically vapor deposited mixture of tungsten and. tungsten^^.c The cpated substrate is 

heated to the deposition temperature or not substantially aboye^the deposltipn temperature In a non-reactve 
atmosphere; :The heat treating temperature is sufficient to confer a desired improvement in erosive and abrasive 
wear resistance in the outer coating but does not result Jn substantial degradaton of t^^^^ properties 
of the substrate or in formation of undeisrable .inter-metalllc layers. . .- 
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HEAT TREATED CHEMI^ftY VAPOR DEPOSITED PRODUCTS AND tIJ^MENT METHOD 

.■ ■ y, . .1 RELD OF THE INVErfTION .. 

This invention related to high hardness fine grained chemically vapor deposited highly erosive and 
abrasive wear resistant products and. nriore particularly, to an improved heat treatment for such products. 

BACKGROUND OF THE INVENTION 

High hardness materials are wdely used as coatings on various types of mechanical components and 
cutting tools. Such codings: Irnpaft: erosive and abrasive wear resistance and thus increase tiie erosive and 
abrasive wear life of the 'ofajects tiiat have been coated. High hardness materials can also be used to 
produce free standing objects which are erosive and ^rasive wear resistant. 
TS Chemical . vapor , depo^^^ be used to . proau<». highly erosive ;a^^ wear 

resistant hard coatings and>^^^^^^ objects. In a typical chemicii vapisr deiaosltion (GVD) process, the 

substrate to be oqated is cheated in a suitable chamber and then a gaseous reactant mixture is introduced to 
the chamber • The gMeou^ mixture reacts at the surface of tiie substrate to fonm a coherent and 

adherent layer ^pf :.me^,j^^ varying the gaseous reactant mixture and other CVD process 

ao parameters, .various types of deposrt^ . ^ 

in co-pending;iu.S. 'llateht Afjgljcation Serial No. 92.809 filed 3 September 1987, extremely hard, fine 
grained. non-'columnai^, "substentliy^^^^^ lamellar tungsten/carbon alloys are described which are produced by 
chemical vapor deposition. ffie- described alloys consist primarily of a. mixture of a substantially pure 
tungsten phase and at least one carbide phase wherein the carbide phase consists of WaC or WaC or a 
2Si mixture of W2C and WaC, The disclosed tungsten/carbon alloys are free of columnar grains and consist 
essentially of extremely fin^, ecjuiaxial Crystals. The deposits are produced at temperatures in the range of 
300 to 650 *C. At such low temperatures, degradation of tiie mechanical prpperties of tiie substrate is 
minimized as are problems resulting from wide differences between thermal coefficients of expansion in tiie 
substrate and the coating materials. . ^ , , e 

30 It has been found tiiat ttie. tungsten/carbon alloys such as those described in the aforementioned U.S. 
Patent Application, when deposited upon certain types of substrateis. exhibit a very fine microcrack system 
throughout the deposit On many types of substrates, and. under many^types of , erof iy^ jn^ abrasive wear 
conditions, preferential attack occurs at the cracks, resulting In reduced erosion and abrasion wear 
resistance of such coatings. «^ . . k. « 

36 in co-pending U.S. Patent Application Serial No. , filed 8. February 1988 (Docket No. 720-P- 
0^03774). a highly e^^^ abrasive wear resistant composite coating systerti is descritjed In which an 

inteirnediie layer 'of siubstantia^^^^ is deposited prior to depositing tungsten/carbon allow 

coating. TTie oiiter tungsten/carboh alloy iayier is comprised of a mixture of tungsten and tungsten carbide, 
with the tungsten carbide piiase bbmprisirig of WaC. W3C or a mixture of both. The tiijckness of the 
40 intermediate tungsten layer is controlled iri "a manner to reduce or eliminate micro-cracks in tiie composite 
. coating system and confer substantial erosive and abrasive wear characteristics on the composite coating 
system The ratio of ttie tiiickness of tti6 Inner tungsten layer to tiie ttilckness of ttie outer tungsten/carbon 
alloy layer is at least above 0.3 in the cases of WfWaC. W+WzC+WaC and W+WaC^^coatings. 
Additionally, the ratio of Uie tiiickness of the inner layer to the thickness of tiie outer layer to gejt optimum 
45 erosion and abrasion wear performance is at least 0.35 in tiie case of mixtures of tungsten and vy>C in the 
outer layer. 0.60 in the case of mfactures of tungsten and W3C In tiie outer layer and. 0.35 in tiie case of 
mixtures of tungsten and WaC and WaC in the outer layer. 

The heat treating of various materials to improve properties is well known. A pertinent example of such 
heat treatment is described in detail in a paper by G. Hickey. et al "Erosion of Conventional and Ultrafine- 
so Grained Materials," Thin Solid Films, 118. pp. 321-333, 1984. In this article, the tiiermochemical deposition 
of a mixture of W-WC is described. This deposit, which is heavily microcracked. may be heat treated at a 
temperature of between 550 and 600* C. The coating is said to undergo a phase change at this temperature 
and results in a five fold Increase in erosion resistance. See also D. Q. Bhat and R. A. Holzl. 
"Microstiiictural Evaluation of CM 500L. A New W-C Alloy Coating Deposited by the Controlled Nucleation 
Thermochemlcal Deposition Process." Thin Solid Rims. 95, pp. 105-112. 1982. Unfortunately, a phase 



change and presence o^krocracks in some coatings may be undesira||^Moreover heat treatment at 
such temperatures may •Psly -degrade the mechanical properties of th^^trate and may also result In 
: the formation of undesirable JarltUe ihter-m^^^^^ substrate 
and the protective interlayer. . ■ . - ^ . 

. 5 . . i The use of heat treatment below .SSO.C, to .enhance ..the and erosive and abrasive wear 

"... . resistance properties.of the coating ^^w^^^ neither 
; discussed nor. piB^ '^.V^' V 

■^•}^io clJ:^^.^::^'-^:.. -'^^^^^^ OF THE FIGURES ^'if^^;] 

::.-o-->vFigure lAJs a photomicrogrsf»h/;i^ aOMltimes/^ etched cross :sectiqn of a coating 
. v i • system ?tccording to^the invention on.. A^^^ unheat- 
7S treated condition / showing' noh^^ °^ ^® 

::.v. tungsten/tungstenparbidejayer,.;. .v^.. v -'^ -^■'^ 

; • ... . . .'Figure IB .is^a photomic^^^^^ magnified 2000 times, of an etched cross section ^of a coatng 

system according to the iriventio^^ condition 
. . showing non-uniform microstructure (n the.top,.pne^fourfi3 ttjcto^^ the.tungsteiVtungsten carbid layer. 
.X 20 . : Figure /I C,vis.:a .p]iptx)m stainless stee! 

;: showing tiie absence of cracks in. the coating.....^ ^ ZT. : ' 

Rgure .'lb is a photortilcrograph, 'magnified iqOO . times,* of a coating on Tl/6AIMV-s^^ the 
absence of cracks. In the coating. - c . ... . : , . . . . . : 

; ^Figure ,2A^is a photomicrogfai^^^^^ cross section of a coating 

. .26 system according \to m^^ ^ minutes 

showing the absence of nonTunifprrhityJ rnicrpstruttu^^^ 

. . Figure -,28 is .a phbtomicrj^raphi of an etched cross section of a coating 

V system according . to J*ie invent^ 

absence of non-unifoniiity in the. mjcirps^ . ; .~ / r.^.'^.y. - 

30 Figure 3A Is a photomicrograph.- rn^gnified 2000 times, of an etched cross section of a coating 

system according to the invention on AM-350 stainless steel substrate heat treated in-situ for 120 minutes 
showing the absence of non-unifprmity in the m 

Rgure 38 is a photomicrograph', nniagnilied "iooo times, of an etched cross section of a coating 
system according to the invention on Ti/6AI/4V substrate heat treated in-situ for 120 minutes showing the 
35 absence of ..nonTuniformity in the.,rn^^ 

/..^ 4A is a photomicrp^ etched cross ^section of a coating 

. system according to ,tiie invention ^ aM-350 |tf^ externally for 60 minutes 

. showing significantiy;red^^^ 

Figure 4B is a ph6tom^crograpH^ma^^^^^ ah etched cross section of a coating 

... 40 system according to tfie lHN^nto^ showing 
significantly reduced non-uniformity in the 

. . times, of an etched cross section of a coating 

system according to the invention on ^ substrate heat treated externally for 1440 

• minutes showing the absence of nbn-un^^^ \ 
45 Figure 58 is a photomicrograiDhri^ an etched cross section of a coating 

system according to ttie invention on Ti/6AI/4V substrate heat treated externally for 1440 minutes showing 
tiie absence of non-unifprmity In the microstructure. . 

Figure 6A is a photomicrograph, magnified 2000 times, of an etched cross section of a coating 
system according to the invention on AM-350 stainless steel substrate heat treated in-situ for 60 minutes 
so followed by external heat treatment for 720 minutes at SQO' Cs tine absence of non-uniformity in the 

: microstrudture. Z 

pigure Is a photomicrograph, rnagnified 2000 times, of an etched cross section of a coating 

./.system a(X^^ invention, on ri/6AI/4V substrate heat Seated in-situ for 60 minutes followed by 

' external, hea^^ at 500 \C shb^^^ nori-unifdrmity in tiie microstruc- 

. . -ss . ture. ' ..." "'' ' " V"" ' ■ 

' / Rgure .60 'is a photomicrograph, magnified 1000 times, of a coating on AM-350 stainless steel 
..substrate heat treated in-situ for 60 rninutes followed by external heat treatment for 720 minutes at 500 C 
showing cracks in .the. coating. . . . * . • 
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Rgure 60 is a photi^^ograpK, magnified 1000 tim of a cbatin j^TI/SAIMV substrate heat 
treated in-situ for 60 minutes followed by external hekt treatment for 720 minutes at 500 C showing cracks 
in the coating. : _ 

Figure 7A is a photomicrograph, magnified 200^ times, of ah etched cross section of a coating system 
according to the invention on AM-350 staihiess steel sub^ treated Ih-situ for 60 rninutes followed 

by external heat treatment for 720 minutes at 550'C shdvWng the^^^ of horhuhifbrmity in the 

microstructure. . i: 

Rgure 7B is a photomicrograph, magnified 2000 times, of an etched cross section of a coating 
system according to the-inventioh on fi/6AI/4V su^ treated in-srtu for 60 minutes followed by 

external heat treatment for 720 minutes at 550* C showing the absence of non-uniformity in the microstruc- 
ture and the formation of an interrnetaljic titaniuni-nickel compound. 

y : . " VRgure 'SA is a coating on AM-350 stainless steel 

= substrate he^ treaigql. In-^ltu for eo,:mim^ foilowed b^^ hefat treartJ^ for 720- minutes at 600 C 

showing cracks in the coating. , y-.-^-L^.^-. 

: . Rgure 88 is a .photomicrograph, rriagnified lOQOJim^; of 'a^'ro^ substrate heat 

treated in-situ for 60 minut^ fpllc^ rninutes;* C showing -cracks 

. in the: coating...,-., .^...^ ,.,.;.y .J.-..,: ,1 ""J./.""!' ■ ■ ;;^v- -y- ; • 

^ V"^^^ is a photomjcrdgrap^ times, of an etched ^cross = section of a coating 

system according to the invention on AM^^ in-situ for. 60 minutes 

followed by external heat treatmenj for 720 minutes at 600' CTsHbvying the^^^^^^^ in the 

:microstructure. . 
-v - fig 2000 times, bf an etched cross section of a coating 

"system 'acp^ in-situ for 60 minutes followed by 

external heat treatmeritltir' 7^0 r^^ microstruc- 

sture and.the formation of an inferrni^HcJiti^^ ■'cr' y ^ ^ 

^i^*;:">V:Rgurel 9.J^^ sjectibn of a. coating system on 

' Ti/6AI/4V substrate heat freated in-situ to e><ternai h^f rt^^ for 720 minutes at 

,600.' C showing the fai!ure qf the_ coating, (^urln^ t^^^^^^ ^ ' ! . ! 

In accordance with tiie present invention.. a coated substrate wherein the outer coating is comprised of 

a cliemically vapor deposited is subjected to a specific heat treatment. The heat 

treatment comprises heating the '.ot ^® deposition 

temperature to a temperature riot s non-reactive at- 

; :mosphere! Jhe temip^»'attire^ desired improvement in erosion and 

abrasion wear, resistance in the outer cpati^^^^ avoid resulting in subs^ degradation 

of the mechanical p^roperties of the subsfr^^ dhdeslrable In^^ layers. The 

.resultant product has an , outer coating comp^^^^^^^ lamellar and 

uniform microstructure vviiichjs\sub^^^^ cracW/ Tt^e^^ substantially higher erosion 

: and abrasion wesu* resistance tha^ • ' . ' . 

• 0. ..... , DETAILED DESCRipTiON <^ THE liWEhfrlON ' 

in order to produce a hard, fine grained, hori-columhar alloy of tungste^^^ on a substrate, a 

particular process is used to result in a. deposit consisting essentially of a mixtuire of a substantially pure 
tungsten phase and a tungsten cari3ici^ pha^ervyith the;t^^ carbide, ph^ of W2C. W3C or 

: .a mixture of both, These .tungs^^ defined fe^^ tungst^n/'lungsten carbide 

to simplify tine description. In order to accomiplish this, a chemical vapor deposition reactor is employed and 
a mixture of process gases is introduced to .me reactor. The tungsten/tungsten carbidel coating is deposited 
under sub-atmospheric to slightly . atmospheric pressure, i.e.. within the range of about 1 Tonr. to about 
1.000 Ton-., at a temperature of atwut 300 ' to about 650 ' C, This layer may be eitiier a two phase layer 
comprising fajngsten and W2C or tungsten and WaC. AlternatVely/tiils layer may be a tiiree phase layer 
comprising tungsten, W2C. and W3C. The relative proportionis of the tungsten, WaC, and W3C in the 



tungstenrtungsten carbid^^ng may be selected in accordance with thejjgcular properties desired n 
the final coating 8yst8nnPnjec.-.to :*?hlexe,.8uph.. .proRQrti9n8,^|hf(,.toin9^pn^ carbide coating is 
■-applied ^utilizing a ■flow.of^gsten. halldgo.such, as .Wi:s, ,an4nert,g^,^.su3lfls^.a^^^ an 

• oxygehxontaining hydracarbonisuch as dimethyletiie^^^ -t"? Mrnperature, W/C atomic 
5 Tatip in the feed gas and the ratio of hydrogen tp.WFs iduriog ttie depo^itiqn^reac^^^^^ desired 

■ chemical comjDOSition of the tungsten/tungsien carbide layer.maY; bf pWaned.^,^ 
■ de^SHb^d process may be fbund in appllcante' corpendipg .y.S..(?a^,fi3./^pplic filed 3 

• September. 1987. . . , 

■y- • In 'order to firovide good erosive and. abrasive. wear ;properties,:.and at,.*^^ or eliminate 

'io cracking in the deposited outer layer, an intennediate layer of :tMrgsten js.emplQyf d. TTie Jntemiedlate layer 
: of ^tungstSri- -is pr^ atmospheric 
pressure; i.e.; ^within >the ^rsinge .of. about 1 . toiT,,to, about :i .000, Jorr.. Vat a temtpwa^^^^ about 300 to 

• about esO'C. using a mixture of .tungsten halide such as -VyPs. an jnert,, gas such as argqn,:and hydrogen. 
•• The -intermediate layer.^of . tungsten is of .. sufficient .thickness, to; jeduc^.,or^^^ the 
is ^"overaU coating and td confer substantial erosive and abrasjYP, wear resistant charaptea?^^ to the overall 

■• ■'"coating system/^^Detaiis : of the; selection of.rthev.ift.icknesses, of ,;..thf ,,, inner tyngsten .layer .and outer 
tungsten/tungsten carbide layer may be found in applic^tsV qo-pend^ng :U:S^ 1=*^^ Senal No. 

filed a February 1988 (Docket No. 720-P-US03774., v. ; . ■ ; .. .- .V 

• > the bresent coating system of the invention can :.be deposited on, a number of fenrpus metals and alloys 
20 such as cast irons, carbon steels, stainless steels and high sjaeed .steels. , npn-ferrous metals and alloys 
■-sucli as copper, .nickel, platinum, rhodium, titanium, aluminum.; slJver. goW^ cobalt, 
tungsten.- -Thenlumjrcopper ailoys and. nickel .alloys such ., as .inconel and monel, titanium alloys such as 
WAiyV ™/SnrTi/AI/Mo/V. ri/AI/Sn/Zr/Mo. Ti/AiyV/Cr..TO^^ WAI/V/Sn alloys. 

: -and the like, non-metals such as graphite, carbides such .as. C8rnented ,c?^^^^ silicon 
25 carbideV silicon nitride, alumina, and the like, !n depositirig Uie, present coating .sy?ieqi on reactve substrate 
materials, such as cast irons, carbon steels, stainless steels, high speed steels, and nickel, and monel 
alloys it is preferred to coat the substrate first with a more noble material such as nickel, cobalt copper, 
silver,' gold, platinum, palladium or iridium, by electrochemical or electrplafs technlgues ^ a physical 
vapor deposition technique such as sputtering. 
■ 30 ■ ■■■ In. depositing the present =coatirig system., on . .reactive titanium or. titanium alloys, it is also preferred to 
coat the substrate first with a more ,nobie, material;, described .above by an .^l^ctroless technique or by 
■ physical vapor deposition technique ;such,asrsputtering. It is .ajso. preferred to coat tiie substrate first with a 
= ithin layer of a more noble material describ!ed f^bQye:by Alectroi^^^^ by another thin layer 

of a- more noble material. by;©lectrochemical or,: physicd.^v^p^^^^^ is also preferred to 

35 clean the surface of the titanium or titanium alloy substrate .first and heat treat the nofael rnetal deposit after 
depositing on the substrate. The deposition of nobie metal and subsequent heat treatment steps on titanium 
. or titanium alloys are described in detail in co-pending U.S. Patent Application Serial No. 139,891, filed 31 
December 1987 (Docket No. 720-P-aS03673). It is also preferred ttiat .the upper lirnit of the chemical vapor 
deposition temperature be about 525* C when depositing tiie present coating system on .titanium or titanium 

40 alloys to minimize, the, degradation, of ■thp mechanicCprpP.^^^^^^^ 
•• -however, Is reqiilred for coating nonTreactive;materials.such as cppiser, nickel, cptjait. silver, gold, platinum. 
. . rhodium, niobium, molybdenum, tungsten, rhenium, graphite/carbides and ceramics," F^^^ parts of 

- the coating of the present invention can be made by depositing it on the substf ?tes such as copper, nickel. 

cobalt, silver, gold, molybdenum, .rtienium, and^graphlts and tliien/emoYlng i^^^ 
4S ' and fchernlcal or electrochemical etching... .^ .. .^ -;■ ^ , . . 

? ■■ - i The outer . layer of tungsten/lungsten carbide . lias a fine, grained, substantially layered microstructure 
■which in the as-deposited condition, contains substantial . npii-uniformity in the outern^ 25% of the 
thickness of Mie layer. This non-uniformity . is.undes.irable, .since it produces areas of. uneven erosion and 
abrasion -wear resistance qualities.. However, because the, deposition, is .carried but at relatively low 
50 temperatures, mechanical degradation of -the. properties of , the. subsfrate .is m at the same 

time cracking of the deposit is reduced or eliminated due to differences in coeffictent of tiiennal expansion 
between the deposit and tiie substrate. . u * 

In accordance wltii the invention. Uie . coated substi-ate is heat ti-eated by subjecting it to a heat 
treatment temperature which is specificeilly setected dependent upon tiie materials employed. The heat 
55 treatment significantly reduces Uie non-uniformity in the outer layer and increases the erosion and abrasion 
wear resistance .of tiie deposit. The heat treatment temperature is selected to be at or close to the 
deposition temperature but .should not substantially exceed tiie deposition temperatures. Thus, if tiie 
deposition temperature Is .in excess of 500* C. for example. 525.; C. tiie . heat treatment temperature should 
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. not be substantially above ^ll^. By maintaining this temperature, several ^jj^^ages -accrue. Rrst of all. 
degradation in the mechanical properties of the substrate is minimized, since the heat ..treatment tempera- 
ture is too low to reWlt significant changes in tehsile strength or bend strength. Secondly, the formation 
of undesirable inter-meiallic layers, due . to, for . example, ' diffusion of materials , acfoss , the protective 
interiay^r boundaries is minimized. Rnaily. the heat trelatment temperature .Is low, enough to reduce or 
iliminat^ stress the coating diie^^^to differences Jn .the thermal coefficl^^^^ expansion 

between the coating and the substrate. ^ > ; 

'''■'^the heat freatment takes place • in ; a non^eactiye ^atmosphere, .>preferablyr one which compnses 
• hVdrpgen.'^^^ mixture of two Or more of . said .gases or. under yaqyum. The time of 

0 heat b:ea^^ inniprovement in erosipn.and abrasion wear 

" ' ■ resistanc^^^ to a feasonable. length of time. tine. .longer tiie heat 

treatment, the greater ImpVovemeni results^' However, design and cost .of . mahufacture tradeoffs will 
determi^^^ iised depending -upon the use to whlch the product i^ to 

' uitimat^ limit on ^ heat treatment time has. as yet. ^beea^cjeterrnined, it is 

5 believed tii^ extreme' heat treatrnenf times may reisult in degradation /of me.. mechanicaL.p^^ of tiie 

substrate or' in the fomiafion of undesirable and brittle inter-metallic layers.;. It ^^h^ found that a 
preferred minimum heat treatment time is one hour, - : ' " ' . ^^^r^ 

' The result^^^^ includes an outer layer of a tungsten/tungsten carbid0 which has a substantially 

layered and u^^^ substantially free of cracks. By viewing Figure rl A. the substantially 

yq layered microst-ucture of the deposit -before" h^^^^ obsen/ecl. .It will alsp.be noted Uiat. 

' : a^^^^ substentially fr^e of cracks, a somewhat non-uniform microstTMeture exists in tiie 

outer 2$^^^^ carbide layer. As may be seen in Figure 2A. the heat treatment 

; rempye^^^^ set out below demonstrate that tiie outer.layer furtiiermore 

■ rias a sufe^ aii'rasidh wear resistance tiian in :the unheat-treated condit^^^^^ 
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General Information 



. . A number of specimen^^ stainless steel, which is a representative. 

30 ferrous alloy, and TiyBAI/4V. which is a^ t^^^^^^ non-ferrous, structural alloy, were used In the experiments 
"imbbdied in tiie folloWing examples. AM-350 stainless-steel, specimens were electroplated with a 2 to Sum 
thick protective nickel layer prior to coating to protect them from attack by hot and corrosive gases used 
during the CVD process. Ti/6Ai/4V specirnehs were plated with a 2 . to Sum thick protective nickel layer 
using ari electroless deposition technique prior to coating. 



■ Erosion Test Procedure * 7 " ' " 'V . • : - - >:r 

The erosion resistance i^^^ trie uncoated and coated specimens was determined using a 

-io miniature sandblast unit; the test pararhetere lare isumma^^^^ Table 1. The fine alumina powder, which 
. was us^d as tine erodent material, ^ovided a very .harsh erosion environments as compared to sand 
* erqsipn; consequently. test procedure could be used.i:The erosion rate of tiie base metals 

was determined by measuring the deptiri of the pit produced during a two minute erosion test. The erosion 
resistance of the coated specimens was determined by measuring the time it took for the erodent material 
to penetrate the tungsten/tiihgsten carbide top coating; this time is called breakthrough time. Penetration of 
the tungsteW^ visibly ajDparent as a color change at tiie center of the erosion 

pit. The fact that this. dbior^c to tiie intitial penetration of tiie coating was confirmed by 

microscppic examinatiph of erosion -jd^^^^^ cross section: The erosion rate, was tiien calculate as the time 
required to penetratejhe tungsten/tungsten carbide coating oh a per mil basis. ' f. . . . 
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Example 1 



55 Uncoated specimens of AM-350 stainless steel and Ti/6AI/4V were eroded witii alumina for two minutes 
(120 seconds). The depth of the crater was measured to calculate the erosion rate. The calculated erosion 
rate was 60 and 50 seconds/mil for AM-350 and Ti/6Al/4V specimens, respectively. 
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Table 1 
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Erosion Test Procedure 
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Nozzle Diameter. 

Stand Off Distance .v. 

Erosion Media 

Supply Pressure 

How Rate of Erosion Media 

Erosion Test Standard 



0,018 Inch ^ X: ' 

0.6 inch . 

. Fine Alumina Powder (SOum Average Particle Size) 
32psig ;.' 5- 

1.6g/min, -.^ 
Breakthrough Time 



Example 2 



IS 



A number of AM-350 and TI/6A1/4V specimens (0.040 inch 0.75 inch x 2 inch) were placed in an 
Inductively heated- graphite furnace inside a gas-tight quartz envelppe. The specimens were coated with a 
hard coating using a two step coating process. The specimens were heated to a tenriperature of about 
460'C and a gaseous mixture of 250 cc/min.WFe. 2.500 cc/min hydrogen and 6,000 cc/m in argon was 
passed into the furnace over the specimens for 20 minutes to pcoat them with tungsten. After coating 
specimens with tungsten for 20 minutes, a gaseous mixture of 300 cc/min WFs. 3.000 cc/min hydrogen, 
.2,400 cc/min argon, and 90 cc/min dimethylether (DME) was passed into the furnace for 90 minutes to 
provide a hard tungsten/tungsten, cartjlde top coating. The tgtal pre;s;sure.was ,rnaintained at 40 Torr during 
the tungsten as well as the tungsten/tungsten carbide coating "steps^ (see Table ?). Immediately after coating 
the specimens for 90 minutes with tungsten/tungsten carbide, the flow of WFs and DhfiE was discontinued. 
The. power to the induction heater was also turned-off and the specimens were cooled, A total pressure of 
40 Torr was maintained during cool down. 

The AM-350 and ri/6Ai/4V specimens were coated with -10um thick tungsten followed by -12um 
tungsten/tungsten carbide, as shown in Table 2. The tungsten interiayer had the well known columnar 
growth microstructure: whereas, the tungsten/tungsten carbide top coat had a fine-layered structure, as 
shown in Figures 1A and IB. The. top one fourth of the tungsten/tungsten carbide coating both on AM-350 
:--stainless steel and Ti/6AI/4V showed a non-uniforiTi microstrucrtureVafter-atching. which is done to reveal the 
coatirig microstructure. The tungsten/tungsten carbide coating had a surface finish of -20u inch. Addition- 
ally, it was free .of cracks, as shown in Figures 1C and ID. Xtray diffraction analysis revealed that the 
tungsten/tungsten carbide top coat consisted of a mixture of W ahcl WaC phases, as shown in Table 3. The 
erosion rate of the tungsten/tungsten carbide top coat on AM-350 stainless steel and Ti/6AI/4V was 279 and 
282 seconds/mil, respectively (see Table 3). The erosion data presented in the Table 3 also showed the 
reproducibility of the erosion test procedure; the erosion resistance 
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Tables 





Example 2 


. Example 3 


Example 4 


Example 5 


Experiment No. 

Substrate.; 

Tungsten/Tungsten 

Composition 

Tungsten/Tungsten 
Carbide Coating 
Hardness, Kg/mm^ 

Erosion Resistance 


209 


207- 


203 


233 


AM-350 1 


T1/6A1/4V 


AM-350 1 


Ti/6A1/4V 


AM-350 


Ti/6A1/4V 


AM-350 I 


II/6A1/4V 




W+WaC 


W+WsC 


W+ 


WaC 


2291 ±101 


2281 ±76 


23$6 


2289 


2317 


2315 


2191 


2191 


Breakthrough 
Time, Sees 
Calculated Erosion 
Rate, sees/mil 


132±2 
279±5 


133±5 
282t11 


165 
317 


164 
315 


186 
365 


186 
354 


144 
348 


158 
382 



10 



IS 



20 



25 



data varied by less than ± 4% of the mean value. The erosion resistance of the coated specimens was 
approximately five times better than the uncoated specimens. The. hardness of tungsten/tungsten carbide 
top coat was approximately 2,300 Vickers, as shown in Table 3. :;■ • _ 

Example 3 . . . 
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The CVD experiment described in Example 2 was repeated to provide tungsten followed by 
tungsten/tungsten carbide coatings. The specimens and reaction conditions were similar to those of 
Example 2 (see Table 2). Immediatley after coating the specimens for 90 minutes with tungsten/tungsten 
carbide, the flow of WFe and DME was discontinued, but the flow of hydrogen and argon was maintained. 
Additionally, the power to the induction heater was kept on to post heat treat the specimens in-situ at 
460 'C for 60 minutes. After 60 minutes of post heat treatment, the power to the induction heater was 
tumed-off, and the specimens were cooled. A pressure of 40 Torr was maintained during the post heat 
treatment and cool-down. o 

The AM-350 and Ti/eAI/4V specimens were coated with --11. 5am tungsten followed by 13.2um 
tungsten/tungsten carbide, as shown in Table 2. The tungsten ipteriayer had the well known columnar 
growth microstmcture; whereas, the tungsten^jngsten carbide top coat had a fme-layered structure, similar 
to that noted in Example 2. Surprisingly, the 60 minute post heat treatment eliminated the microstructural 
nonuniformity in the top one-fourth of the tungsten/tungsten carbide coating, which is apparent in Figures 
2A and 2B. The tungsten/tungsten carbide coating had a surface finish of --20^ inch. Furthermore, it was 
free of cracks. This indicates that in-situ post heat treatment of the coating at the deposition temperature 
neither degrades the surface finish of the coatirig. nor causes cracks in the coating. X-ray diffraction analysis 
revealed that' the tungsten/tungsten carbide top coat consisted of a mixture of W and W2C phases (see 
Table 3), indicating no changes in the coating composition witii post heat treatment. Furthermore, the 
coating hardness data summarized in Table 3 showed no measurable change in the coating hardness with 
post heat treatment The erosion rate of the tungsten/tungsten carbide top coat on AM-350 stainless steel 
and Ti/6AI/4V was 317 and 315 seconds/mil. respectively (see Table. 3). The erosion test data, therefore, 
showed an increase In erosion resistance of approximately 14 and 12% on AM-350 and TI/6AI/4V 
specimens, respectively (see Table 4). This 12 to 14% increase in the erosion resistance was more than 
4% variation observed in the. erosion test procedure, as described in the Example 2. 

This Example, therefore, shows that in-situ post heat treatment of the hard coating at the deposition 
temperature not only Improves the coating microstructure but also the erosion resistance without degrading 
the coating hardness. 
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. - Jhe .CVD experiment descrilsed: in. Example. .2 was, repeated ,fe provide .;t^^^^ followed by 
•tungstenAungsten carbide .poatingis,...Jhe,j5peame^^^^ -were; similar to ttiose of 

■ Example 2 . (see Table 2)., Immediately ..after , coati minutes with tungsten/tungsten 

"carbide the flow of WFg and ^ DME was " discoritinue^ maintained. 
Additionally.- the .pflweri to .the V induction: A'ek^^^^^ ;oC^P. 'P^- h?4 ^ 

480'C for 120 minutes.: After .120 :minut^^^^ ^ 
•turned-off.'ind the specimens. We im^^^ '^f?.f??^*"®- ^ 

■•i treatment and. cool-dowrii, r • ■^>:v:-^T-i?-^---:i--.K'-^^>^'---y---^ u ^-»'»..™ 

The AM-3S0 and Ti/6AI/4V specimens were coated with -ip.Sum tungsten followed by 13.3ttm 
tungsten/tungsten carbide, as shown in Table 2. The tungsten intisHkyer Had the well known columnar 
growth microstructure; whereas, the tungsten/tungsten carbide top coat had a fine-layered structure, as 
shown in Rgures 3A and 3B. As noted in .Example 3. the 120 minute post heat treatment eliminated the 
microstructural nonuniformity that was present without heat treatment (compare .Rgures 3A and 3B with 
Rgures 1A and IB). The tungsten/lungsteii carbide coating, once again, had a surface finish of 
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Calculated Erosion Rate. 


Improyerrient in Erosion 




' ' Nq- 


Treatrnent Time, Min. 


^sees/mil i./v". 


..;.: ",:;;;-.Rate. %:-.- J;.. 








AM-350' 


TI/6A1/4V 


\AM-350 


Ti/eA1/4V 


..25,- ■■ :.y 


■•2- 
















- ^.^'eo 


V 317 


( 315 


-Vl3.6s-V 








^ 120 - -^ ■= -^ "- 


'»355 


^-354. ^:>.- 


-^;:.:27,2:^^./. 








'-480 ■"■ 


•■--348 


;nn.y.382 


. ;.^24.7.:o-^: 





-20JX inch Furthermore, it was free, of cracks. Tine in-sitii . post heat treatment at the deposition temperature 
did not degrade the' surface . finish, or cause cracking 0^ X-ray diffrac'tioh analysis revealed that 

. Vrthe top coat corislsted of .a mixture btW no change in the coating 

- composition with the post . he^t treatrnent .i^^ h^^rdnes? of the ;top .coat w^ by the post 

35 heat treatment (see Table 3). The erosion resistance pi;the top qpat on AM-35b stelrilegs 'steel and vmfii/AV 
. • -was '355 and . 354 seconds/mil. respeciively ': (see Table^ 3). this data indicates an increase in erosion 
resistance of approximately 27 and 26% for'AMr36Q. and WSmS/ specimeris. -respectiyely (see Table 4). 

This Example, therefore, shows thaVincreasi/rig .tiie in-situ post heat treatm^ hard coating 

at the deposition te.mperature, .improves .^tfie .coating ';rnjcro!?bTic&[,i^^ .an.cl InCTe^es the erosion resistance 
40 without degrading coating hardness." . A- . . , 'J , 
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. .The CVD experirnent .descried ..in Example 2 .was repeated to provide Uingsten followed by 
tungsten/tungsten carbide. coatings.. The specimens J and >e^^^^ those of 

Example 2 (see Table 2). Immediately after coating the specimens for 90 minutes with tungstenAungsten 
carbide. -ihe flow of WFs and; D discoritinued, but the flow of hydrogen arid argon was maintained. 

Additionally, the power to 'the inducflon:h to .post he^ treat thQ specimens in-situ at 

460' C for 480. minutes; After 480; m^^ heat treatment, the power to the Induction heater was 

; turned' off/ and .m^^ cpoled,:A:toW pressure erf. 4^^ 7°"^^ was maintaned during the post heat 

■treatment and. cool-down.^.;: .. . ..^ . V , /' 

. The .AM-350 and ,Ti/6Al/4V spedmens yyere. . coated . with -8^^^ by lO.Sum 

tungstenitungsten.. carbide coatings, as .sHowh in Table 2. -the tungsten interlaybr had the well known 
columnar growth microstructure: whereas, the . tungsten/tungsten carbide top coat had a fine-layered 
structure. Once again, the top coat exhibited a uniform etch behavior. The tungsten/tungsten carbide 
coating was crack free and had a surface finish of -20u Inch. This infomiatlon suggests that In-situ post 
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heat treatment at the deposlSIT temperature for an extended period of time^fe not cause cracks in the 
• coating X-ray diffraction analysis revealed that the top coat consisted of a mixture of W and WaC phases 
(see Table 3), indicating rio change in the coating composition with the post heat treatment The hardness 
of the top roat was/marginally lower than, tfiat noted without heat treatment (see Table 3). but the values 
5 were equivalent and within the liroits. of the;sindaj:d devlation of ihe measurement The erosion resistance 
of the top coat on AM-35d stainless steer 348 and 382 seconds/milrrespectively (see 

3). '|T?e !frosi^^ of ^approximateiy 25 and 

for AM-350lna TT/6Aii^lF^ - ^ / r ^cl C r = 

""""" This ^B^pie; once ^ain; shoWs IhS'lncre^^ In^itu post heat treatment time of the hard coating 
-70 , at^the^deposiliM t^^ co^^lpg^ mtero?^^ 

degrading co^ng har^dn^gs.^ ; ' ' ' ' ■ ..i.-^ '/. " . . ' ' T ' . ! ■ 



75 



20 



25 



30 



3S 



40 



AM-350 and Ti/6AI/4V specimens coated with tungsten followed by tungsten/tungsten carbide in 
Example 2 were post heat treated 'e)jctbrnally in a controUed atmosphere furnance. The furnance was 
evacuated and purged with argon . several times to remove traces of air before heat treatment. The coated 
specimens were . h^ated\to 475* d, -Which : was :15' Q^ ^^^^^"9 
5% hydrogen/95% argon mixture/ A total pressure slightly afao^^^^ vvas maintained in the 

furriace/The tem^^ for; 60; minutes to post heat treat the specimens. After 60 minutes 

the specimens were cooled. - , : ^ ; 

Compared to coatings with no heat, treatment coatings post heat treated for only 60 minutes m the 
controlled atmosphere furnace showed a dramatic reduqtion in the non-unlfomi microstnjcture of tfie 
turigsten/tungsten'carbide layer which is revealed by etching, as shown in Figures 4A and 4B. The coating 
was'ifasolutely crack-free, indicating that the post heat treatment at 475' C. which was 15 C higher than 
the deposition temjjeratufe. did not generate cracks in the coating. The surface finish of the coating was 
--20^ inch. X-ray diffraction analysis of the heat treated coating showed no changes in the coating 
composition. Additioriaiiy. the hardness of the tungstenAungsteh carbide top coat did not change with the 
post heat treatTient- TTie erbsto^ on AM-350 and Ti/6Al/4V. however, improved by 

more than 6% (see Tabie 5), The erosion resistance o^the coatings; after 60 minutes of external heat 
treatment was surprisingly lower than that libted after 60 ; minutes of In-situ heat treatment (compare 
Examples 3 and 6), The differences in the improvement in. the erosion insistence by in-situ and external 
.heat tre^toents cou^^^ .^f opposed to using 

atrnpsphenc pressure W the ejrterhai heat treatment \ . 

This examp!e, merefore, shows that the ^^^p^^^^ hard coating using temperature 

slightly higher than the deposition temperature not only improves coating microstructure but also erosion 
resistance without degrading coating hardness, . - j ^> 

■ ' Example 7 



-45 



. .r .A^^ coated in Exanriple 2 were ag^h^^^p^^ in a controlled 

/^mpsphere furnace. Tf^^heat treel^ (procedure a^^ si rhiiar;to those used in Example 6 

with .the exception of maintaining the temperatur^ "fo 1 ,iwo rninutes Instead of 60 minutes. 

Etched crps^^ that the coating waS microstrubturally u^ 1,440 minutes of heat 

; treatment ^(^^^^ changes in coa^^^ and hardness, however, were noted 

so with the post heat treatment The erosion resistance of the cdatihgs. bn the other hand, improved by more 
than 13% (see Table 5). The erosion resistance of the coalting oh AM-350 stainless steel after 1.440 
. minutes of external heat . treatment was very close to the value ^dted after 60 minutes of in-situ heat 
V b-eatment. This heat treatment tirhes were needed to match ttie 

improvements in erosion, resistance noted with In-situ heat treatment. These differences, 



Table 5 
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: Example 

. -V.NO.: 


. -.Treatnnerit ^ \ iitiq, 

„ . . .J lyiifi'^f 


cxLCiiiCii ricai 
l,ioaliiipi li 1 iiiiOi 


Calculated Erosion 
- '.^ '^ Rate.^secis^ "v • 


Imprpvement in Erosion 
Rate. % 




,:,Ti/^Ai/f|y,, 




. TI/6A1/4V 










:- -27Q 














.60 • ■ 








7.8 




7 ' 










^t-if12.9y-:^- 


16.7 






.;. ...\ i.60 -.^-....^ 














•:-8.- 








/v.-^3l4'i^0-^ 


•No Qh^e 


No Change 










•:':-^^^312"-'"^v 


N6:Ghange ' 


Kip Change 



• • ■■'^^ 6^^ be due to the use.of .atnipspheric;p.rejssurejn to 

" ■ ■ using vacuum during in-situ heat treatnnent, -The . coating' W^^^ the prolonged 

post heat treatment at 475* C, which was slightly higher than the deposition temfDgr^Wro,^^^^^^^ not generate 
cracks in the coating. The surface finish of the coating was -20u inch. . ^ 



20 

Exampjies 8 and Q'-'-' 



25 AM-350 and Ti/6AI/4V specimens .coated ; with • tungsten followed by tungsten/tungsten carbide from 
Example 3 were post heat treated for 60 land 1,440 minutes In a controlled atmosphere furnace similar to 
that described in Example 6. The heat treatrnent procedure and conditions were the same as described in 
Example 6 with the: exception of heat treatrnerrt^^ specimens for 60 

- -and 1 ^0- minutes .in the externaifurnaceVjthese^^ minutes in- 

'30 "■ situV Furtheimore... these -'specimens, had denser tungs^ external heat 

■ "\iTeatment. ■ / ' :-:^r- ■ . -v- . ' . 

• : External heat treatment of these wiples.. for, either..60 ,pr jl.4fHl. ^^"0^^^^ further 
change in the rnicrostructurei of the tungssteriyit sigriifica(U^^^ in coating 

cbmpbsitionrhardriess and erosion resistance were observed due to external Jieat.^t Furthermore, 
as the external heat treatment, at 475 ' C did hpt;generate, ,any crapks in the coating.; 

^ •^^These examples;* therefore, show that the external ^heat treatment at ,te^ higher than the 

. deposition temperature does-not: have any, -notipe^W^ effects Oh;:)^'?® j^,^"^^ f^P^tings, which ^ are previously 
' -post heat treated in-situ for 60 minutes, ?;7^//^^vV:v-.r. .--v^^r-x ■>\^^:y.:::K-^^r-iA}^^l::y.:: 

• - ■ i -a:-.. ■ \^.:^ny': Examp!e- 1Q-;,-, ■ :|^Vc' --^ ■;.'^::-C'^^^V-:> ■ 

' aM-350 and Tu'6AI/4V ;:specimenS ' coated with ;.t^^^ carbide in 

45 ■ Example 4 were post .heat .treated ,for J .44p. minutes in .a .conjTpiled f^^^ ^Ml^ace similar to that 

Vv: described iii Example 9. The post heat treatment procedure arid cq^ described in 

-Example 6. with the exception of .Mat treatment tjm^^^ ^or 1,440 

- minutes in the external fumace. these specimens ..w^^^ treated ^fpj:,!?^^^^^^ Furthermore, 
these specimens had dense tungsten/tungsten carbid^ top -cqats. Rr|o( tp^^)rt^^^ heat Jreatment 
so External heat treatment of these samples for, r,44p, mii^^^^^^^ any further 

change in the microstructure of the tungsten/tungstn carbide top coat. Furtherrnbre, no significant changes 
In coating composition, hardness or erosion resistance were observed due to external heat treatment. 
Rnaily. the external heat treatment at 475* C did not generate any cracks in the coating. 

This example, therefore, shows that the extemal heat, treatment at temperatures slightly higher than the 
55 deposition temperature does not have any noticeable effects on the hard coatings, which are previously 
post heat treated in-situ for 120 minutes. 
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Discussion (Examples 1-10)1 

•. --The microstructural uniformly. 'and. consequentiy...the erosive :^and 'abrasive wear ;^i-eSistance of the 
tungsten/tungsten carbide "coating is measurably improved by heat treatirjg the coated samples at approxi- 
s mateiy the deposition temperature. -The post-deposition heat treatment seems to primarily affect me 
microstructural chlr^cteH^cs/' as "revealed by etching, of, the outermost, layers of the coating TTils 
■observation is conSstent Vrth th^ affect. Sf heat treatment, because the outermost layers of the 

coating have bieh maintained at ,*e deposition ^temperature for the ;shortest period of timf. it. is likely, 
therefore, that the post-?iepositionjeat treatment primarily affects, the erosion and abrasive wea(. resistance 
70 of the outermost layers i3f the tungsten/tungsten carbide coating, „^ . 

Without yvishlhg to be boiind by theory, a number of mechanisms could be responsible for the effect or 
- heat treatment on the structure and properties of the coating: (1) Heat treatment pould pause densification 

of the coating by a sintering mechanism. (2). HeafWeatment may, M complete 

removal of all of tiie volatile bypnsducts of tiie coating reaction from the coating layer. (3) Post deposition 
■'.^s heat 'tfeatmeht m^^^ Regardless of the 

opepV^ me^^^^^ yield a coating witti optimal erosion 

resistance'.''" '' ; ' " : J .^...- . ■ ■I./r .'/i^ ^ .. „■...■,. ! ' ' '[.■'.' ' ^ 

2a Th9 Effect of Post Heat Treatment Temperature 
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' After establishing tti^ra pb^^epdsitioW 'Hegft^^t^^^ is necessary; to optimize the erosion and 

abrasion wear resistance of the fijhgsteh/tuhg^en carbide coating, a set of experiments conducted to 
evaluate the iffect df a jbost-dejibsltion heat treatment at temperatures greater /than tiie deposition 
temperature (460* C). Samples of AM-350 and TI/6AI/4V were coated witii tungsten followed by 
iuhgsten/tungsten carbide; although the AM-350 and Ti/6AI/4V were coated in separate mns. tiie deposition 
bonditibhs for tiiese two nins were essentially identical. Tungsten deposition was carried out for approxi- 
m'ately 20 minutes at a temperature of ■460* C and a pressure of 40 Ton using 250 cc/min WFg. 2500 
ccmin Ha. and 6000 cc/min Ar. Tungsten/tungsten carbide deposition was canied out for approximately 65 
minutes at a temperature df 460 ' C and a pressure of 40 Torr using 300 cc/min .WFs , 3000 cc/min Ha . 1 800 
cc/min Ar. and 90 cc/niin DME (dimethylether). ftltiibugh the WFs/DME ratiO; .used in depositing 
tungsten/tungsten carbide coating in this example was same as that used in Examples 2 to 5. tiie flow rate 
of argon and reaction time were lower In this example tiian Examples 2 to 5. The lower argon flow rate 
increased tiie partial pressure of hydrogen. WFs and DME during the tungsten/tungsten carljide coating 
step, resulting in tiie higher coating raterlmmediately after coating, tiie flow of WFs and DME was 
discontinued, but the flow of hydrogen and argon was continued. The samples were tiien heat treated for 80 
minutes using the Hz/Ar atmosphere at 460* C and 40 Torr. 

libth s^^^ of satTipies were coated Wittt a crack-free tungsten/tungsten carbide top coat approximately 
"ibiim thick, the tungsten/turigsteh carbide coating was microstructurally unifonn. The microhardness and 
the breaktiirough time In an erosion test a?e given for these coatings in Table 6; these values establish tiie 
tjaselini ^ate^ example was slightiy different to tfiat 

observed Tn ExWnple ''^ to 5; prbbdbly -beca^ of tiie "differences in tiie tungsten/tungsten carbide 
depqsitidn ?ate. -Tiie tiie microhardness. and Uie composition (W+ WaC) of. tii^ tungsten/tungsten 

carbide coating 1ay^^^ for tiie AM-350 and tiie Ti-eAI/4V. ... 
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Example 12 



An AM-350 ^and a Ti/6AI/4V specimen from the deposition runs described in Example 1 1 were iieat 
treated externally in a Controlled atrnosphere furnace. at 450 ::C, which was slightly lower ttian the deposition 
temperature, for 12 hours using a 95% Ar/S% Ha gas:HTifacture. A total pressure slightly above one 
atmosphere was' maiHtairied in the furnace: The microhardness. and the breakthrough time in an erosion test 
for these heat treated samples is given in Table 6. The , "microhardness values for these sarnples are 
approximately ^the same as .for the. sample, of Example l.1.;The erosion resistance, on the other hand, 
improved margiri^ly. «s shown inV Table 6. Therefore, jthis example shows that the external post heat 
treatment at 450° C. which is slightly lower than the deposition temperature, marginally improves the 
. performance of the coating, which has previously .been heat treated in-situ for 60 minutes. The uniform, 
fine-layered microstruciture was esseHflaaiy idehtical.Jto that bf the samples of Example 11. In additon the 
tungstenAungsten carfciide coating ;rema*o^d.cr^cS: free following the heat treatment 

Examp.l.e-13. 



An AM-350 and a Ti/6AI/4V specimen from the depositiph runs described in Example 11 were heat 
treated in a controlled atmosphere fumance at 500' C. ^which was considerably higher than the deposition 
temperature, for 12 hours using a ,95% Ar/5%, Ha gas • mixtiire. A total pressure slightly above one 
atmosphere was maintained in the furnace. The microhardness and the breakthrough time in an erosion test 
for these heat-treated samples Is given in Table 6. the ^^rosion rate>s are higher for these samples as 
compared to the samples of Example 11; however, the microhardness values remain unchanged. The 
.uniform, fine-layered microstriicture of these saiipples .w^. eiS.s?ntial!^ identical to that exhibited by the 
samplesof Example 11 (see RguresSA and 68): ^ 

However, cracks are fomied in the tungsteriAungsten carbide coating due to this heat treatment, as 
shown in Rgures 6C and 6D. The effect that these cracks have on the erosion resistance of the coating is 
to cause the coating to erode rapidly in the region of the cracks, so that the substrate is quickly exposed to 
the erosive medium (the breakthrbugh times given in Table 6 were determined in the areas of the coating 
that were free of cracks). The cracks, which may be due to the mismatch in the coefficient of thermal 
3S expansion between the coating and the substrate, therefor degrade the ability of the tungsten/tungsten 
carbide coating to act as a protective coating. Therefore, in order to prevent cracks in the coahng it is 
undesirable to post heat treat the coating at temperatures subsiantiaily above the deposition temperature. 

40 Example 14 

An AM-350 and a Ti/6AI/4V specimen from the deposition runs described in Example 11 were heat 
treated in a controlled atmosphere furnace at 550 *C. which was once again substantially higher than the 

45 deposition temperahire. for 12 hours using a 95% Ar/5% H2 , gas mixture. A total pressure slightly above 
one atmosphere was maintained in the furnace. The micrbhardness and the breakthrough time in an erosion 
test for these heat treated samples are given in Table 6. For tiie AM-350 sample, the microhardness and 
erosion resistance values are higher, than that of tfie baseline coating. However, ttie microhardness and the 
erosion rate in the crack-free areas bh the TI/6AI/4V sample have significantly higher values than the sample 

so of Example 1 1 . ih addition, cracks were' formed in the coatings on botii substrates due to the heat treatment 
at 550* C. 

The uniform, fine-layered microstructure of the coated AM-350 and Ti/6AI/4V samples was not affected 
by tile 550 ' C heat treatment, as shown in Figures 7A and 7B. However, a reaction layer was observed to 
form between the electroless nickel layer and Uie Ti/eAl/4V substrate, (see Rgure 7B). This reaction layer 
ss was an intermetallic titanium-nickel compound. Since cracks reduce the ability of tiie tungsten/lungsten 
carbide coating to protect the substi-ate from erosion, it is therefore undesirable to heat ti-eat tiie coating at 
temperatures substaritially above tiie deposition temperature. 



Example 15 



An AM-350 and a Ti/6A1/4V coupon from the deposition runs described in ExamPleJl wf f© heat treated 
in a controlled atmos^^^ considerably higher than ?the deposition tempera- 

ture, for 12 hours using ;a 95% ^^/5% '.Ha gas was 
maintained in the furnace, .The micrqhatf-dness,:an,d i^^^ an erosion test 

for these heat treated isampies are given, in Table 6, For the AM-350. the microhardnSss and the erosion 
rate in the crabk-free areas are; both - high^ of .the..baselin^.:,9^^^ 

microhardn§$s and_the/erpsioii'i^^^^ areas are significantly higher than the baseline coating 

and even the coatling hWfreated at 555!!:a phce a^^ ai;e;forrned-l.n.^^i^^^^^ to heat 

treatment at this temperature, as shown in f=igures 8A arid SB. . ' --^^^ 

" The 'microstructure of the hard coating in this- example was..unaffected..,by 'liie^hea^^^ see 
Rgures BC.and ,80. Tfiejnte^ comf30und reaction layer was substantially thicker due 

to the increase in the post hekt treatme^ 

compound, :which is formed during post-deposition heat trea^ents at.450 and^q^ 
arid, thus; is undesirable. The- effect this brittle interlayer has on the.adhesidh of the nic^^^^^ hard coating 
on the T1/6AI/4V substrate was that a crack is produced in the region of the titanium-nickel compound when 
th^ tuhgst^ erosion vtest-sThis, crack tends to 

propagate albrigj the titaniumi-riickel compound layer which ^undermines the .icoating ;^fid; causes coating 
spallatipn. % shown in ' Figure^ 9. Although the initial ^breakthrough time :in ,vthe rxrack-free areas is 
substirijBdi^^ in the TI/GAIMV^^mp^ the intermetallic layer will 

cause spall and datastrophic failurie of the coating once the coating is penetrated. Cracks in the coating 
cause rapid loc^ erosion, whibh results in quick exposure of the titanium-nickel intermetallic layer to the 
erosive medium. The quick exposure coupled with the propagation of cracks ^aiong the intermetallic 
compound layer will cause rapid coating spallation and catastrophic failure. 

This example, once again, shows that it is undesirable to post heat treat the coating at temperatures 
substantially above the deposition tempier^tMre- 

V-'^--" Example 16 



Another set of experiments was conducted to evaluate the effect of a post-deposition heat treatment at 
35 temperature slightly greater than the deposition temperature. Samples of AM-350 and Ti/6A|/4V were coated 
•with tungsten; followed by tungsten/turi^ a mn. Tungsten deposition was carried out for 

approximately 35 rhinutes at a temperature of 455" C and a pressure of 40 Torr using 150 cc/min. WFs. 
1500 cc/min. -Ha. ^rld 8000 cc/miri.-Ar. Tungsten/tungsten carbide deposition was carried. out for approxi- 
^ mately 85 fn mutes at a temperature of 455* C and a pressure of 40 Torr using' 300 cc/min. WFg, 3000 
.40. cc/min. Ha, 2400 cc/min. Ar, and 95 cc/min. DME (dimethylether). Immediately after coating, the flow of 
WFs. Ha and OME was discontinued, but the flow of argon was continued. The power to the Induction 
heater was also turned-bff and the specimens were cooled in flowing argon gas. The coated samples were, 
therefore, not post heat treated In this example. A total pressure of 40 Torr was vmalntained during 
cooldown. ■ 

45 The AM-350 and ri/6Al/4V specimens were coated with -9um thick tungsten followed by -13.0um 
tungsten/tungsten carbide, as shown in Table 7, The tungsten layer had the weli known columnar growth 
microstructure; whereas, the tungsten/tungsten carbide top coat had a fine-layered structure similar to the 
one shown in Rgure 1A. The top one fourth of the tungsten/tungsten carbide coating both on AM-350 
stainless steel and Ti/6AI/4V showed a non-uniform microstructure similar to the one shown in Figure 1A. 

50 The coating was free of cracks, and consisted of a mixture of W and WaC phases; The hardness of 
tungsten/tungsten carbide top coat was approximately 2200 Vickers. as shown In Table 7. 

- This example showed that a hard and a crack free tungsten/tungsten . carbide coating could be 
deposited at 455 * C. which was slightly lower than the temperature used in the previous examples. Because 

:-of.the ; /--^ ■ ; - 




17 



EP 0 329 085 A1 



Table? 



^ - The Effect of Post-Deposition Heat-Treatment Time on me Properties of Turigsteiyturi Carbide 
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■ • differences in the deposition; temperature and.,pME flpw^ r^^^^^ the bngster^^^ carbide coating rate 
obtained in this example was different ; to thei, one noted in Jtb? PreywM^ exanapjes. However, tiie 

" •^ ^hgsten/tungsten carbide top coat still showed , a non-unifom^ one noted in 

'^Example 2. The erosion resistance of ;the coating shewn in.T^ble 7 yva^ a!s^ to Example 

2. The differences in the ..hardness ;and . the, erosion, res^^^^ and Example 2 

: could be due to diffe^enc^s In the ;deppsiiion> tempgra^ used In these 

•■-examples: ;V ■- ;VP ^•■V-V-V-- ■ ...-.7-..:, 
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An AM-350 and a Ti/AI/4V specimen from the deposition run described in Example 16 were heat treated 
extemally in a vacuum furnace at 475' C, which was 20 "C higher than the deposition temperature, under 
flowing argon gas. A total pressure of approximately 40 Torr was maintained in the furnace. The 
^temperature was maintained for 3 hours, to post heat -treat the . spepinr>.^^^^^^ 3. hpurs tfie specimens were 

cooled. . . 

Compared to coatings with no heat treatment (Example 16). coatings post heat treated externally m a 
fvacuum furnace for 3 hours, showed the. absence of nonruniformity in ^e .m coating was 

absolutely crack-free, indicating that the post. h^^ treatment at 475 which was 0 higher than the 
deposition temperature, under vacuum did not generate cracks in the coj^tjng. X-ray differaction analysis of 
the heat treated coatings showed no changes in. the coating comppsitionV Additionally, the hardness of the 
tungsten/tungsten carbide top coat did not change slgnificantlY. with the post heat treatrnent. The erosion 
resistance of the coating on AM-350. and,;Ti/6.Al/4V. however, improved by. more thain iO% by post heat 
treatment (see Table 7). 

This example, therefore, shows that the post heat treatment of the hard coating under vacuum using 
temperature slightly higher than the deposition . temperature , not only ..improy micrpstructure but 

also erosion resistance without degrading coating hardne^^ : vi..- . . ; 



50 



55 



Discussion (Examples 11-17) : . : ; . . 

The maximum temperature at which metat alloys can be cp^te^ and/or heat treated will be dictated 
largely by the characteristics of the metal and not by the characteristics of the coating! In the case of AM- 
350 and TI/6AI/4V, a measurable loss, in .sfrength resulted from, .ext.end.ed .heat treatments at temperatures 
significantly above 500* C. This result is shown in Table 8, which gives the yield strengths of uncoated 
samples of AM-350 and T1/6AI/4V that had been heat treated for 12 hours at 450, 500. 550, and 600 C. 
According to Table 8. AM-350 exhibited a larger reduction in strength than Ti/6Al/4V. The yield strengtfis 
were detennined on flat specimens in bending using a 0.2% offset strain criteria. Since the strain Is not 
homogeneous in bending, these values of the yield strength are larger than those typically measured in 
tension, however, these values give a good indication of the change in the yield strength with the deposition 
and/or heat treatment temperature. Consequently, the deposition as well as heat treatment tennperatures 



r ^^^ation in the strength of the 
I d^^Bat treatment teniperatures of 



10 



75 



need to be limited to ^^^imum value of about 500 'C to avoid any 

alloys used in the exanfl^^resented herein. The maximum deposition w,^^ t. :o>.--.- 

the other materials can be determined using the information on temperature and mechanical properties of 
these ^matefialsr- . "--^^ ^'^l ■r''^^^'-^^^^ ^^^'^'^^■^^^^^ 'v:Jr:-\r:'•^:.^■:^^;ii-r.^■■ r" 

• " ■ -'A'ddili.onaH^^^^^^ important thi^.the. coating H$ ^substantially Mg^ of cracks Jn; order, ^or; the coating to 
provide '$nifd erosion ^and Abrasion v/earvprotection over :1Jie. entire /syr^^e^^^ 

'results fr^^^ regions of the coating tend^.ip.ero^^^ rapidly^ Jjj|,c^^ remained 

^ subst^ailyliW^^ heat treatment temperai^ for the AM- 

•'^Sb-lteJ^ ind#i/6AlMV;;^T^ maybe ^differet^ nonferrous 

' metls'^^ti iliciysi^'rt substentially^r^ 3$??^r;g;;^?ni^^ post heat 

treatment temperature does not substantially exceed the deppsffioaiXemperatu 

^fiesrt'treaW^rn^ 
^ &36 ' b/cah resu^^^ 

•- •'>>^- -'-^^?-^^:^vi.^^:=o ■■^v.n •>.>.;. ^:>v^Table akHA^::^.;^^^^ /* 
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Xoriclusions 
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SO 



\ A postrdleposition ^'hek^ trea^ '§ut^antiaily " i%rove J^e -^pertorniahce -df ^tungsten/tun 

carbide.: coatir\g§Vin erosive Jnd -abras^ abrasion wear resistance 

and .mici^tructural.i^^^ the deposition temperature 

,.fpr an e5derided,p^ 'either^Jirhmediately after the 

deposition or at, a Jater^ti^ i"st as effective at 

pptimiang thfj-prop^rties^^p^^ sbmewhat higlier However, heat 

treating at IJie ciepps^^ temperature heat 

treatments. These probieifjs incluW'degraSatlon of't'he nrlechanicai-properti^^^ o^^ the metal substrates, 
■formation of .Qrapks .in .the. pjotecti^^^ coating, and formation of brittle Intermetallic layers.' Consequently, it is 
preferably to heat^treat the'ixatecf s^pt^Wi^ time;% least brie libur) at a temperature which 

does, not substantially, e)^^ sufficient for 

optimizing the propertiW of the coating is a^ 

Contrary to^tbe priqr art. the coating Xyst^^ the presen^ invention does undergo a 

phase change nor^experie the range 450 to 600 C. 

The post heat treatment eliminates" increasing its 

erpsion and abrasive wear resistance, The post heat treafrnenVtemjie^^^^ needs to be carefully 

selected and controlled to . qbta^^ pertormance. Contrary to the prior 

art. the heat treatment tempef^fere "n^^ below SOjO'C o^at the deposition temperature 

for AM-350 stainless st^ei an'd'r^ The 'use of heSt treatment temperature substantially above 500 C 
and/or the deposition temperature causes cracks in the cojating, resulting in poor overall performance. 
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Claims ■ ^ 

1 A method for heat treating a coated substrate wherein the the outer,;Coating Is. comprised of a 
chemical vapor deposited mixture of tungsten and tungsten carbide .wherein, the. tung^^^^^ carbide phase 
consists 6f Wad ^^^^ mixture of W2C and W3C, said niethpd. comprising -hea^^^^ said coated 

iui^ate ^to 'a in the rah^e from .alDout :11ie . deposition ,^em^ not 

siiiSkantially temperature in a non-reactiv^ atmosphere^for a pen^^ sufficient 

'to i^f^^an'Seslred ^iri^^ abrasion wear. resistance, in me^c^ but which 

■does hc^ resijit irr ^substantial degradation :of . the. rnechanical .propertjee^of ,*e jui3S^,pr J fprmation of 
^undesirableMnter^met^ -■:)i-(:^'i::'r^\. : :'-.>r^.: .^v.:^i^^>i;^;:==^=r•-^..^r:^■;^^^ 

'^' •■ 2 A method according to Claim 1 wherein tiie^period of time of heat beating i?^^ hour. 

3. A mbmcD^ according to Claim 1 wherein ti^^^ at or below 

atmospheric pressure. . " 

4; A metiiod according to Clairn 1 wherein said heat treating atmosphere is hydrogen, argon, helium, 

nitrogen or a mixture of two or more said gases. ^ xu 

5/ A method:^ wlierein '^y®r;°* tungsten is deposited on the 

substrate prior.,to deppsition of said outer coating. ; . . 

6. A method according to '^iaim' ^s: wherein said d^^^^^ is siibstaniiaily uncracked, 

7, A method according to Claim 5 wherein an intermediate layer,of ,nipkel is deposited on the substrate 
prior to deposition of said tjngsteh. -^-i I:'- 

a. A methSd according to Claim . 1 whisrein said Substrate is a ferrous , or :n6ri-ferrqus alloy. 

9. A coated substrate product wherein the outer coating comprises a chemical vapor deposited and 
heat treated rnixture of tungsteri' and tungsten carbide wherein the /tungsteri; carbide phase consists of WaC 
or W3C or admixture of W2C and W3C having a substantially layeredy.^ubstantially uniform microstructure 
substantially free of cracks, and haying a substantially higher- erosion and ^brasiye wear resistance than in 

the unheat treated condition. . ^ b ^ ^^wi^w ^ ^ 

_ . to Claim 9 including an intermediate layer of tungsten between the substrate 

and said outer coating. ^ ^ ^ 

11, A product according to Claim 10 including a further intermediate layer between said substrate and 
said tungsten layer, said furtiier intermediate layer comprising nickel. 

12. A method for confening substantial erosion and abrasion wear resistant properties on a substrate, 
comprising, producing on tiie substrate a chemical vapor deposited coating of a mixture of tungsten and 
tungsten carbide wherein the tungsten carbide phase consists of W2C or W3C or a mixture of W2C and 
WaC. and heating said coated substraie to a temperature in tiie range from about the deposition 
temperature to a temperaiture not .substantially above, the depositidh temperatijre in a non-reactive at- 
mosphere for a period ^of time 'sufficient, ^to confer a Besb^ irnprov^^ abrasion wear 
'resistance iri the puter^ coating but wHipli^ result in substa^ of ttie mechanical 
properties of the substrate or in formatigri pi Unde^^^ 

>t3^ A niethod according to Clai^ 0^time of hfea^ one hour. 

. ;i 14. A method according to C!^^^^^ ^ or below 

atmospheric pressure. . . . 

: 15. A method according to Claim 12 yvherein saW heat tre^^^ atmosphere is hydrogen, argon, helium, 
nitrogen or a mixture of two or more said gases^^ . : 

1 6. A metiiod according tp : Clainri 1 2 yyinerein a further intermedial^^ layer of tungsten is deposited on the 
substrate :pripi:.to depo^sitipri of saiid^ ! ./ . ; 7.*?'^ 

> ' . --IT:; A metiiod to. .Claim! 16 is substantially uncracked. 

1 -18. A method accord^ o" ^® 

. substrate prior to deposition of .said.tun^^^^ , . ' . • . 

• , 1.9. A method according tp,Claini,12 .w^^^ substia^f i 

• 20. A method according to Claim 1 2 wherein said subsftafe is/a sfeinless ste^l, \ ' 
. 21. A method according to Claim." 20, yyher^in said, substrate is to a temperature of about 

■ ".500'c. ■ V""!!.:'.'!'-.'":.''" ' ' 

22. A method according to Claim 12 wherein said substrate is a titaniurn alloy. 

23. A metiiod according to Claim 22 wherein said substrate is heat treated to a temperature of less than 
about 500' C. 
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